We report on the fabrication of metallic lateral spin valves using different evaporation directions for respective ferromagnetic and nonmagnetic materials. In this way, we can fabricate and connect different nanowires through the same resist mask in a single evaporation sequence, avoiding interface contamination. With this technique and by reducing the wire widths down to 50 nm, we obtained spin signals as large as 24 m at 77 K in devices with transparent interfaces. We studied the influence of the nonmagnetic metal. Spin signals are found to be much larger for Al and Cu than for Au-based devices. # 2011 The Japan Society of Applied Physics T he development of spintronics is based on the ability to inject and to control spin currents.
T he development of spintronics is based on the ability to inject and to control spin currents. 1) Spin currents can be obtained by diffusion from the spin accumulation generated by electrical currents flowing through the interfaces between ferromagnetic (F) and non-magnetic (NM) materials. They consist of flows in opposite directions of spin up and spin down without net electrical charge flux. Amidst the large variety of proposed and developed spin structures, 2) lateral spin valves (LSV) have recently attracted increasing attention. These lateral devices consist of two ferromagnetic electrodes connected by a nonmagnetic material, allowing one to tune the transport properties on the basis of the respective magnetic states of the two F materials. They allow the realization of nonlocal transport measurements (cf. Fig. 1 ) by separating the spin current from the charge current using a four-probed connection to an interface.
Although the first nonlocal spin signal detection was realized several decades ago, 3) the interest in such measurements flourished much later, after the study of Jedema et al. 4) This interest has been driven by their efficiency in measuring fundamental spin-dependent transport properties in various materials from metals 1, 5, 6) and semiconductors 7) to carbon allotropes 8) and superconductors. 6) In particular, the LSV allows the measurement of the spin diffusion length l sf in N material, or the spin-dependent tunneling at the interfaces.
1) The switching of ferromagnetic nanoparticles by the spin torque induced from pure spin currents [9] [10] [11] underlined the huge interest in the control of such currents. Also, recent experiments on the generation of spin currents by the spin Hall effect 5) opened new paths toward the generation and detection of spin current without the requirement of magnetic materials or magnetic fields. In this context, the insertion of materials with large spin-orbit coupling in LSV was demonstrated to be an efficient way of measuring its spin Hall angles.
12)
The quality of a LSV can be quantified by its spin signal ÁR s , which is the difference in nonlocal impedances between the antiparallel and parallel magnetization states of the electrodes. The spin signal depends mainly on the geometry of the LSV, on the quality of the interfaces, and on the choice of materials. In this paper, we show how these parameters can be optimized to obtain large spin signals. Developing LSVs by electron beam lithography, and using different evaporation angles for in vacuum fabrication, we compare Al, Cu, and Au-based LSVs.
In the nonlocal measurement mode, a current is injected (cf. Fig. 1 ) from a ferromagnetic injector F1 into a nonmagnetic (N) wire, and is directed away from the central part of the device. This spin injection creates a nonequilibrium state of spin accumulation characterized by the splitting of the Fermi levels between the two spin sub-bands. Injected spins diffuse into the nonmagnetic wire over the spin-diffusion length l sf . This diffusion occurs in both directions, and part of the spins in excess are absorbed by the ferromagnetic detector F2, which is situated at a distance L from F1. The output voltage at F2 depends on the relative orientation of the magnetization (parallel or antiparallel) of F1 and F2. 1, 13) The spin signal R s is given by the difference in measured voltage in these two configurations, divided by the injected current, and is directly related to the spin splitting of the electrochemical potential.
In a first approximation, the spin signal of a LSV can be calculated theoretically on the basis of a 1D transport modeling. 6) In the case of transparent contacts, its magnitude is given by
with
Here, R F and R N represent the respective spin resistances of the ferromagnetic (F) and nonmagnetic (N) metals, P F is the spin polarization of F, L is the distance between the injector and detector (from center to center), and l N sf is the spin diffusion length of the nonmagnetic metal. In our case, the relationship R F ( R N holds for Cu and Al, whereas R F % R N holds for Au.
Let us focus on the LSV geometry, which must be optimized to maximize the spin signal. Its influence manifests itself mostly through the R 2 F =R N ratio. The spin resistances R NðFÞ are the resistance diffusion over l sf for the spin current. They are expressed as R NðFÞ ¼ NðFÞ l NðFÞ =A NðFÞ , with
, where NðFÞ , l NðFÞ sf , t N , w NðFÞ , and A NðFÞ are, respectively, the resistivity, the spin diffusion length in the normal material N (in the ferromagnetic material F), the thickness, the width, and cross sectional area of the ferro (F) or nonmagnetic (N) material. To increase the spin signal, one must increase R F and decrease R N , which can be accomplished by reducing the width w of the wires, as
where w N ¼ w F ¼ w. In our LSV, both ferromagnetic and normal wires are 50 nm wide. We reduced the width to such a point to increase the geometrical prefactor appearing in eq. (1) without affecting the quality of the lithography. The two ferromagnetic permalloy electrodes are 15 nm thick [cf. Fig. 1(a) ], and are connected by a nonmagnetic Al (Cu or Au) wire (thickness of 60 nm). Simulations were made using the micromagnetic simulations software OOMMF 14) to determine the optimum geometry of the ferromagnetic electrodes, to ensure clearly different reversal fields, so that a distinguishable antiparallel state of magnetization could be established. In the chosen geometry [cf. Fig. 1(a) ], one of the ferromagnetic wires is connected at both its ends to ferromagnetic pads. These pads facilitate the nucleation of a domain wall, 15) for applied fields parallel to the wire. The other ferromagnetic wire has a sharp apex in order to obtain a good contrast in the reversal field of the two F nanowires. Reversal fields of wires with and without reservoirs are 50 and 110 mT, respectively.
Apart from the geometry of the device, the second parameter that must be considered is the effective spin polarization P F [cf. eq. (1)]. To optimize P F , the F/N interfaces must be clean, without any contamination that could cause depolarization. There are two basic methods of preparation of such lateral structures using lithography processes. The first and most used method consists of two successive parts: lithography, deposition and lift-off of the F, followed by the same steps for the N. This process involves the ion milling cleaning of the ferromagnetic/nonmagnetic interface before the deposition of the N. In our experiments, we used a second method, based on a shadow evaporation technique, 9, 16, 17) in which the sample is kept in vacuum for F and N wire deposition and hence for F/N interface fabrication.
The central part of the device is patterned entirely in one step, using electron beam lithography without distinction between the ferromagnetic and nonmagnetic wire parts. We make high-aspect-resist openings in a single poly(methyl methacrylate) (PMMA) layer and designed the wires in a cross geometry (cf. Fig. 1) . For deposition at a suitable angle, this will later allow the deposition of material in only one of the wire orientations, thus exploiting the benefit of the shadowing effect in the perpendicular trenches. This approach does not need a bilayer resist or large undercut formation for lift off process, as it prevents undesirable material deposition at the junction between the substrate and resist. This allows us to build a more flexible device geometry with numerous electrodes and a much smaller gap between parallel wires (down to 50 nm in our case). Additionally, the presence of the nucleation pads on one F wire allows us to obtain a stable antiparallel state without having to increase one wire width and thus decreasing the spin signal.
Permalloy stripes (Py) are evaporated at an angle of 30
[cf. Fig. 1(b) ]. Since trenches in the PMMA are 300 nm deep, all trenches perpendicular to the deposition axis are protected against deposition by the shadow effect. Then, the sample is rotated in its plane by an angle of 90 , and the nonmagnetic material (Al, Cu, or Au) is deposited with the same angle as before [cf. Fig. 1(c) ]. This technique allows for the formation of ultraclean interfaces, since the active part of the device can be formed in a single evaporation sequence, without the requirement of a second lithography step that would expose the interfaces to air. The microscopic Ti (5 nm)/Au (100 nm) contact electrodes are either deposited before or after the fabrication of the active part of the device.
Beyond the reduction of the wire width to increase the spin resistances and the technique for in-vacuum interface fabrication, the third parameter that can be changed to maximize the spin signal is the choice of material. This parameter turns out to manifest through the terms P F , NðFÞ , and l N sf , which are present in the resistance ratio and in the hyperbolic sinus part of eq. (1). By using a nonmagnetic material with short l N sf and thus low spin resistance, such as Au, 18) the spin resistance ratio, and thus the spin signal, could be increased. However, there is an opposite effect of l N sf on the spin signal, which comes from the ½sinhðL=l N sf Þ À1 factor. We thus choose to study Al and Cu, which possess long l N sf , and compare them to Au. For the three types of LSVs, a 3.5 kHz and 50 A ac current was used for the spin injection, and a lock-in amplifier was used to measure the in-phase component of the voltage output. Measurements were performed at room temperature and at 77 K, always with a magnetic field oriented along the ferromagnetic wires (cf. Fig. 1 ).
The V=I signal in the nonlocal mode as a function of magnetic field is shown in Fig. 2(c) , for an Al-based LSV at 77 K. For this LSV, the center-to-center distance L between injector and detector is equal to 150 nm. A clear spin signal can be seen, with a well-defined plateau in the antiparallel magnetization state of the ferromagnetic electrodes. The spin signal is equal to R s ¼ 24 m, which is the highest value reported up to now. Yang et al., 9) reported 18 m by mixing pillar nanofabrication and lateral connection in vacuum, the highest value reported so far for ohmic interfaces. Our result is in agreement with the local-detection GMR measurements (GMR-like) presented in Fig. 2(b) for L ¼ 200 nm, where the difference in resistance of 48 m must be compared with 21 m for the spin signal in Fig. 2(a) . Note that the GMR/ spin signal ratio is close to the expected value of 2, which corresponds to the sum of the spin signals at the two identical interfaces. 19) Three similar LSV structures were measured with different distances L between the injector and detector. The spin signal V=I measured at 77 K as a function of L is shown in Fig. 2(d) . The observed signal attenuation with increasing distance is in agreement with the predicted sinh À1 decrease.
Spin signal measurements were also performed for Cubased devices, width L ¼ 150 nm. A clear spin signal was observed, 9 m at room temperature [cf. Fig. 3(a) ], and 21 m at 77 K [cf. Fig. 3(b) ].
For Au-based devices with width L ¼ 150 nm, a much smaller spin signal was observed, the magnitude being on the order of 1.5 and 5.5 m at 300 and 77 K, respectively. Also, the small spin signals obtained using Au can be accounted for the equations of 1D models for the case of ohmic contacts; the amplitude of spin signals seems to be mostly governed by the sinh part of the equation, even for L=l sf ratio as small as possible.
To conclude, we developed a multiple angle evaporation technique in high-aspect-ratio resist openings for the 
